Behavioural phenotypes can be highly constrained by interdependent behavioural traits. Studies in different taxa showed that these behavioural phenotypic correlations are not universal within a species and can differ between populations exposed to different environmental pressures. Empirical studies are required to better understand the relative contributions of long-term adaptive processes and direct ontogenetic mechanisms in the development of these phenotypic behavioural correlations. In the present study, we investigated the role of postnatal nurturing care on the development of behavioural correlations in a precocial bird model, the Japanese quail (Coturnix coturnix japonica). We compared phenotypic correlations between two populations: 41 artificially reared birds (maternally deprived) and 36 birds fostered by unrelated females. Behavioural responses were measured at the age when birds naturally disperse, with three widely used behavioural tests to assess fearfulness and sociality: tonic immobility, openfield and emergence tests. Our results show that when quail chicks are reared by a foster mother, more phenotypic correlations appeared in the population including correlations within and across behavioural functions and between behavioural responses and chick mass. In contrast, chicks reared without a foster mother presented much fewer behavioural correlations and those were limited to functionally linked behaviours. Our results also highlight that the effect of mothering on phenotypic correlations is sexspecific, with a greater effect on males. We discuss the organisational role of parents on the development of behavioural correlations, the mechanisms likely to support this influence, as well as the reasons for sexual dimorphism.
Introduction
Behavioural phenotypes can be highly constrained by interdependence between behavioural traits, and the proximate and ultimate mechanisms responsible for behavioural phenotypic correlations have received extensive interest from behavioural ecologists (e.g. Sih et al. 2004; Réale et al. 2007 ). Such behavioural correlations are expected between functionally linked behaviours because they are presumed to be under the control of common neuro-endocrinological structures. For instance, in a given population, phenotypic correlations are expected between different fear-related behaviours both within and between threatening situations due notably to a shared dependence on the responsiveness of the hypothalamicpituitary-adrenocortical (HPA) axis (Macrì and Würbel 2006) . Behavioural correlations can also occur between functionally differentiated behaviours (Sih et al. 2004; Bell 2007) . The most documented example is the "aggressiveness/boldness" syndrome when, in a population, the most aggressive individuals in a social interaction are also the boldest ones, for example, towards a predator (Bell and Sih 2007; Sih et al. 2012) .
How these behavioural correlations develop and why their structure varies between populations or species has recently received attention. Two main hypotheses have been advanced to explain phenotypic correlations between behavioural responses. Firstly, the constraint hypothesis considers the involvement of underlying proximate mechanisms (genetic or physiological) in limiting the phenotypical independence between different behavioural traits (Ketterson and Nolan Jr 1999; Gosling 2001; Bell 2005; Dochtermann and Dingemanse 2013) . Secondly, the adaptive hypothesis defends that behavioural correlations can emerge from environmentally induced effects. The adaptive hypothesis has received support from studies showing differences in phenotypic behavioural correlations between populations established in differing biotic environments (e.g. Dingemanse et al. 2007) . Nevertheless, such effects could emerge from both genetic adaptation and through direct ontogenetic processes. Several studies demonstrated that exposing groups of individuals extracted from the same natural population, to varying levels of predation risk (Bell and Sih 2007) or conspecific presence (Urszán et al. 2015) can affect the development of phenotypic behavioural correlations. Such empirical studies nevertheless remain scarce (Guenther et al. 2014; Urszán et al. 2015) , motivating further research to better understand how early life cues can constrain phenotypes in a population by affecting the occurrence and strength of behavioural correlations. In particular, during the early development period, such environmental cues are at the same time highly valuable and hardly accessible for species with extended parental care, making parental influence critical for an adapted modulation of offspring phenotype (Dufty et al. 2002; Marshall and Uller 2007 ). Yet, to our knowledge, the role played by parental nurturing behaviour on the development of behavioural correlations has not been explored.
Postnatal maternal care in mammals has been extensively studied to determine how differences between individuals or populations in the care provided to offspring could adaptively modulate the development of their behavioural phenotype (e.g. brown rat, Rattus norvegicus: Beery and Francis 2011; nonhuman primates: Fairbanks 1996 ; and see Groothuis and Maestripieri 2013) . Precocial birds are just becoming targets of such studies (Japanese quail, Coturnix c. japonica : Pittet et al. 2014a ; domestic hen, Gallus gallus: Edgar et al. 2015) . These precocial bird species exhibit exclusive maternal care during chick rearing and offer a very relevant alternative to mammals since females express the full repertoire of care towards unrelated individuals. In the context of adoption procedures, these species are consequently a valuable model to measure the exclusive influence of postnatal care on offspring behavioural ontogeny. For the specific question addressed here, it is critical to disentangle genetic and prenatal effects from these effects of postnatal behavioural care because these two former instances of maternal influence are also likely to induce behavioural correlations (genetic correlations: van Oers et al. 2005; prenatal influences: D'Amore et al. 2015) . To illustrate the importance of maternal care for the development of behavioural phenotype in offspring, total maternal deprivation, also known as artificial rearing, remains a very robust procedure. Comparing the phenotype of artificially reared with that of adopted precocial birds highlights the strong and lasting consequences of mothering on the development of different traits of offspring personality with a focus on fearfulness (Japanese quail chicks: Bertin and Richard-Yris 2005; domestic chicks: Roden and Wechsler 1998; Shimmura et al. 2010; domestic pullets: Perré et al. 2002) and social behaviour (domestic chick : Fält 1978; domestic pullets: Perré et al. 2002; Japanese quail chicks: Bertin and Richard-Yris 2005) . Such a context offers a unique opportunity to explore further the importance of ontogenetic processes in the development phenotypic behavioural correlations.
Using juvenile Japanese quails, our study examined the influence of the presence of a maternal female during the early postnatal period on the development of correlations between different behavioural responses related to fearfulness and social behaviour. We explored the effect of both mothering and sex of chicks on behavioural correlations using measures of tonic immobility, open-field and emergence tests, three behavioural tests widely used to assess fearfulness and social reactivity in precocial birds (Boulay et al. 2013; Pittet et al. 2014c; Herrington et al. 2015) and across taxa (Boon et al. 2007; Toms et al. 2010; Nakayama et al. 2012; and see Forkman et al. 2007) .
We hypothesised that adoption by an adult female should lead to stronger and more behavioural correlations through two main processes. First, we consider that the presence of an adult female constitutes a major enrichment, providing highly informative environmental cues to the adopted offspring. As argued by Trillmich et al. (2015) , we consider that such cues should act in an "organisational manner" while the impoverishment (characterising artificial rearing) should lead to less constrained phenotype (see Bengston et al. 2014 for an example with physical impoverishment). Second, in Japanese quail, the individual characteristics of care expressed by adoptive females (brooding behaviour, feeding and activity stimulations) simultaneously affect different behavioural responses across behavioural function (Pittet et al. 2014a ), likely to induce correlations between these behaviours in a population level. Additionally, these care characteristics also influence offspring inter-individual differences in mass after independence (Pittet et al. , 2014a . Such inter-individual differences in early growth and associated metabolism are proposed to support phenotypic correlations because individual differences in metabolic rates promote dependence between a collection of energetically costly behavioural responses (see Careau et al. 2008) . Consequently, we expect less behavioural correlations and less correlations between behaviour and mass in artificially reared chicks whose individual growth is not constrained by early experience. Early life environmental factors can have highly differentiated consequences on male and female behavioural and neuroendocrine development (Juraska 1984; McIntosh et al. 1999; Wigger and Neumann 1999; Francis et al. 2002; Barna et al. 2003; Oomen et al. 2009; van Hasselt et al. 2012; Pittet et al. 2014b; Aigueperse et al. 2018) . Whether this is due to inherent sex differences in sensitivity or in behavioural plasticity, cross fostering studies reported that male birds are generally more affected by the adoptive mothers' characteristics than females (Archer 1976; Vos 1995; Formanek et al. 2008) . We consequently hypothesised that the influence of the adoptive mother on personality structure would be stronger among males than among females.
Methods

Animals and housing conditions
The quails in the current study were from a broiler line and originated from an industrial farm (Les Cailles de Chanteloup, Corps-Nuds, France). Animals were kept under 20 ± 1°C with LD 12/12 light settings and dim green light during the dark phase. Food provided ad libitum was a high protein cereal diet in the form of pellet for chicks and granulates for adult females (VEGAM, Cesson-Sevigné, France).
Twenty-two 3-month-old females were used as adoptive mothers. Each bird was marked with a unique numbered tag attached to the wing when they arrived at the laboratory. They were placed in individual wire mesh breeding cages (51 × 40 × 35 cm) with a drinking trough and a feeder, 3 weeks before adoption began in order to allow the birds to habituate to environmental conditions. Chicks came from 120 fertilised eggs artificially incubated in the laboratory. Incubation lasted 17 days when eggs were placed at 37.7°C with 45-50% humidity and one 45°rotation every hour (Brinsea© Ova-Easy 380 Advance EX II). When chicks hatched, they were placed in groups of 40 individuals in wide plastic cages (98 × 35 × 42 cm) equipped with a feeder, a drinking trough and a heater (38 ± 1°C). As morphological sexual dimorphism appears only at 3 weeks (Mills et al. 1997) , chicks were randomly distributed to each set and their sex was determined when they were 22 days old.
Procedure
Upon their arrival at the laboratory, the 22 adult females were distributed in cages so that two adult females were never in neighbouring cages. In the evening of the day of hatching, 86 chicks were randomly selected and distributed in the two different groups: 22 pairs of chicks were each placed with one of these females (hereafter "adopted" birds) and 21 pairs of chicks were placed in the other cages without mothers but each equipped with a heating lamp (38 ± 1°C, hereafter "artificially reared" birds). Heating lamps provided heat from an overhead ceramic bulb emitting in the non-visible far infra-red spectrum. The heating lamps were placed in the back of the cage while the light source was in the top front of the cage, resulting in similar light exposure in cages of adopted and artificially reared chicks. Pairs of mothered chicks were gently placed underneath an adult female that had been shut in a nest box (18 × 18 × 18 cm) an hour earlier and secured for the night, during which the chicks' vocal and physical solicitations induced the females to become maternal by the next morning when the boxes were opened (Bertin and RichardYris 2005) . Following this procedure, adoptive females express the full maternal care repertoire by warming chicks, preening their feathers, stimulating their motor and feeding activity and by continuously communicating with them to keep the brood cohesive (Richard-Yris 1994). To prevent an experience bias from exploration of the cage on the first night, non-mothered chicks were also placed in similar boxes for their first night post-hatching. All boxes were opened and removed the next morning 30 min prior to the light phase. Maternal care was monitored on the first days of maternal periods, and mothers that did not express any warming behaviour of the chicks were excluded. Chicks that presented signs of hypothermia (closed eyes, trembling, low distress call pitch) and did not solicit the mother were excluded from the experiment and replaced by extra chicks of same age to keep a consistent brood of two chicks within all the cages. The replacement chicks were not tested for their behaviour. One female did not warm her chicks and was excluded from the experiment as well as her two chicks. Six mothered chicks and one non-mothered chick additionally showed signs of hypothermia on the first day following induction and were replaced. Sex composition of mothered birds was 18 males and 18 females; sex composition of non-mothered birds was 20 males and 21 females. Sex ratio did not differ between the two sets (mothered: 50.0% males, non-mothered: 48.8% males, X 2 = 0.01, P = 0.9). When the birds were 11 days old (age when they naturally disperse, Orcutt Jr and Orcutt 1976), the mothers and the heating lamps were removed from the cages and they developed in pairs for 2 more weeks during which behavioural testing took place. The juvenile birds were weighed when they were 21 days old.
Behavioural tests
The juvenile birds were tested in behavioural procedures established to characterise different aspects of behaviour in birds and mammals (Forkman et al. 2007; Réale et al. 2007; Herrington et al. 2015) . We used the tonic immobility test and two tests in unfamiliar environment with social isolation in which both emotional and social reactivity are expressed: the open-field test (open arena) and the emergence test (closed arena). Behavioural testing was completed by a single experimenter blind towards animal treatment.
Tonic immobility test Tonic immobility is an anti-predator reflexive behaviour expressed in response to fear-inducing stimuli (Hazard et al. 2008) . Duration and difficulty of induction are considered strong indexes of fearfulness in poultry (Herrington et al. 2015) . The current study followed the protocol described by Jones (1986) . Each bird was removed from its cage and tested at 14 days post-hatching. In a dark room, the test individual was placed on his back for 10 s in a U-shaped wooden cradle. Induction was considered successful when the tonic immobility (TI) duration was at least 10 s (with a maximum trial duration of 300 s). Both TI duration and the number of failed inductions (with a maximum of 5) were noted.
Open-field test Tested animals were individually placed in the centre of a nonagonal arena (walls were 60 cm high,~1 m 2 ) on a linoleum floor, in the dark. The light was then switched on and the hidden experimenter noted, for 5 min, the number of distress calls emitted, and the number of steps taken by the subject. Birds were tested between 15 and 16 days post-hatching. Activity rate in the open-field is considered negatively correlated with general fearfulness and the frequency of calls emitted when isolated reflects the level of social reactivity of birds (Bertin and Richard-Yris 2005) .
Emergence test At 17 days post-hatching, juvenile birds were removed from their home cage and transported in a covered, wooden box (18 × 18 × 18 cm). This box was then placed on one side of the apparatus: a large and well-lighted wooden box (62 × 60 cm and 33 cm high) with wood-shavings on the floor and a glazed observation window. The door of the transport box was opened after 1 min and the experimenter noted the time the tested bird needed to emerge from the box to reach the cage (full body outside of the box). Once the animal was in the test cage, the transport box was closed, and the observer noted the number of distress calls emitted by the subject. A longer emergence latency is considered to reflect higher fearfulness and the number of distress calls is considered to reflect social reactivity to isolation (Jones et al. 1991; Bertin and Richard-Yris 2005) . 
Statistical analyses
If not otherwise detailed, all the statistical analyses were performed in R version 3.5.1 (R core team 2018). Behavioural variables not reaching the normality assumptions were transformed using either log or box-cox transformations. We first tested for the importance of keeping adoptive female ID as a random effect in our analyses. We fitted models for each of the seven variables with and without a random structure for adoptive female ID and compared the fit through likelihood ratio tests (LRT) and Akaike information criteria (AIC, Akaike 1974) . Similar methods for determining the importance of random effects have been used elsewhere (e.g. Ezard et al. 2009; Moreno et al. 2019) . LRT indicated that the identity of the adoptive mother could be dropped from the models due to a negligible change in model fit (LRT, for all seven traits: p > 0.4), which was further confirmed by an inflation of AIC when including foster female ID (supplementary Table 1 ).
We studied the influence of mothering on behavioural correlations by comparing correlations between artificially reared and adopted birds. Because statistical methods for formal comparison of correlations only allow for pair comparisons, the influence of mothering on personality structure was first studied for both sexes combined and then again for each sex separately. We first identified the structure of behavioural phenotypes of each subset by describing significant correlations as in Kooij et al. (2002) , Janczak et al. (2003) , Bell and Stamps (2004) , Kanda et al. (2012) , Wilson and Krause (2012) , Guenther and Trillmich (2013) , Guenther et al. (2014) , Taylor et al. (2014 ), van Overveld et al. (2014 and Wuerz and Krüger (2015) . Correlations between each pair of dependent variables (the six behavioural variables and the mass of birds) were calculated using Pearson correlation tests and generated 95% confidence intervals through bootstrapping with 5000 iterations (function cor.ci in the package "psych" V1.8.10).
In addition, we statistically compared the structure of behavioural phenotypes by (1) comparing covariance for each pair of variables and (2) comparing the covariance matrix structure between adopted and artificially reared chicks. (1) First, in order to compare pair-wise variable associations between subsets, we first calculated the variance-covariance matrix for each pair of dependent variables using ASreml-R 3.0 (Butler et al. 2009 ). We then calculated the arithmetic difference between these matrices to yield a 'difference matrix' and used parametric bootstrapping in order to estimate 95% confidence intervals around each variance-covariance measure. Behavioural associations between artificially reared and adopted chicks were deemed statistically different when the 95% confidence interval did not overlap zero (see Houslay et al. 2018 for analysis details). (2) We also compared the structure of the covariance matrices with common principal component analysis using the CPC program (CPC, Phillips Table 1 Difference variance-covariance matrix for comparisons of artificially reared chicks and adopted chicks. Differences in variances appear on the diagonals, and differences in covariances offdiagonal; 95% confidence intervals are taken from differences across 5000 bootstrapped replicate pairs for each D matrix. Italic values indicate elements where 95% confidence intervals do not span zero and Arnold 1999). CPC analysis is a robust method for comparison of personality structure (Budaev 1999; Han and Brooks 2013) . The analysis consists of covariance matrix structure comparison in a hierarchical fashion, from unrelated matrices to common principal components (same principal components but different eigen values), to proportional matrices (same principal components but proportional eigen values), to similar matrices. The nature of the relation between the matrices corresponds to the model resulting in the lowest Akaike information criterion. The nature of the relation between the matrices was further confirmed by the "jump-up" approach, consisting in the test of each level of the hierarchy against "unrelated structure" (Phillips and Arnold 1999; Han and Brooks 2013) .
Results
General effect of mothering on the structure of behavioural phenotype
We first tested the correlations between each pair of variables separately in artificially reared and in adopted chicks. More significant correlations appeared in adopted chicks: among 21 tested correlations, 10 were significant in adopted birds and 2 in artificially reared birds (X 2 = 9.02, p = 0.002). Significant correlations among artificially reared chicks were only found between functionally linked behaviours: the latency to move in the emergence test was negatively correlated with the number of steps taken in the open-field, and the number of distress calls emitted in the emergence test was positively correlated with the number of calls emitted in the open-field (Fig. 1) . In contrast, adopted chicks displayed significant correlations between both functionally linked behaviours, non-functionally linked behaviours and between mass and several behaviours including TI duration and induction, steps taken in the openfield and calls emitted in both open-field and emergence tests (Fig. 1) .
Pairwise comparisons of correlations between sets revealed significant differences for six correlations (Fig. 1, Table 1 ). These correlations were all significant in adopted chicks while no relation between variables could be identified in the artificially reared chicks. These correlations included relationship between mass and several behavioural variables (TI inductions, TI duration and number of calls emitted in the emergence test), as well as relationship between TI inductions and duration and between TI duration and number of calls emitted in the emergence test.
CPC analysis additionally revealed that the structural relation between matrices from artificially reared and adopted females was best described as unrelated (Δ AIC (unrelated-equal) = − 3.48, Fig. 4 ). Jump-up approach confirmed that structure of matrices was unrelated across treatments (CPC test: equal vs unrelated matrices: X 2 = 59.45, df = 28, p = 0.0005, proportional vs unrelated: X 2 = 58.64, df = 27, p = 0.0004, common principal components vs unrelated: X 2 = 47.79, df = 21, p = 0.0007).
Influence of mothering on the structure of behavioural phenotype in female and male offspring
In adopted females as well as in artificially reared females, only three correlations were significant, and only one correlation was common in both populations for a positive relation between the number of distress calls emitted in the open-field and emergence tests (Fig. 2) . In artificially reared females, the number of steps taken in the open-field was negatively correlated with the time required to leave the shelter in the emergence test and positively correlated with the number of distress calls emitted in the emergence test (Fig. 2) . Adopted females presented a negative correlation between mass and the number of distress calls emitted in the open-field and a negative correlation between tonic immobility duration and number of inductions needed to express tonic immobility (Fig. 2) . Pairwise comparisons of behavioural associations between artificially reared and adopted female chicks did not reveal any significant differences (all confidence intervals spanning 0, Table 2 ). CPC analysis additionally revealed that the structural relation between matrices from artificially reared and adopted females was best described as identical (Δ AIC(unrelated-identical) = 14.99, Fig. 4 ). Jump-up approach confirmed that structure of matrices was similar across treatments (test of equal matrices vs unrelated matrices: X 2 = 40.01, df = 28, p > 0.05).
Artificially reared males only presented one significant correlation between mass and the latency to leave the shelter in the emergence test. Adopted males, however, presented more significant correlations (X 2 = 10.5, p = 0.001) as 10 out of the 21 tested correlations were significant.
Pairwise comparisons of variable associations between artificially reared and adopted male chicks revealed that four correlations, all of which appeared in adopted chicks only, significantly differed between the sets and concerned the relation between mass and TI duration, between mass and calls emitted in the emergence test, between TI duration and calls in the emergence test and between steps taken in the open-field and calls emitted in the emergence test (Fig. 3, Table 3 ). PCP analysis revealed that the structural relation between matrices from artificially reared and adopted males was best described as unrelated (Δ AIC(unrelated-identical) = − 14.14, Fig. 4 ). Jump-up approach confirmed that structure of matrices was unrelated across treatments (CPC test: equal vs unrelated matrices: X 2 = 70.14, df = 28, P < 0.0001, proportional vs unrelated: X 2 = 67.36, df = 27, p < 0.0001, common principal components vs unrelated: X 2 = 51.54, df = 21, p = 0.0002).
Discussion
Our study demonstrated that phenotypic behavioural correlations are influenced by postnatal care. We showed that the population of chicks reared by an unrelated adoptive female disperse with more behavioural correlations than chicks reared artificially with total maternal deprivation. Additionally, our study indicates that the presence of a surrogate mother during development has a strong effect on the emergence of behavioural correlations in males while no significant differences on behavioural correlations were found between adopted and artificially reared females. To our knowledge, the results from the current study are the first demonstration of the significant Table 2 Difference variance-covariance matrix for comparisons of artificially reared females and adopted females. Differences in variances appear on the diagonals, and differences in covariances are reported off-diagonal; 95% confidence intervals are taken from differences across 5000 bootstrapped replicate pairs. All the elements spanned 0 indicating no significant differences in variable associations As hypothesised, the presence of a surrogate mother during early life induced the development of more correlations between behavioural responses within and across behavioural functions, as well as between behavioural responses and mass of chicks. Artificially reared chicks exhibited phenotypes unconstrained by behavioural correlations. Interestingly, the artificially reared chicks in the current study did not even display the correlation between the ease of tonic immobility induction and its duration, which is commonly acknowledged (Webster et al. 1981; Cockrem 2007; Edelaar et al. 2012) . The lack of correlations between artificially reared chicks' behavioural responses was not due to less variable responses (e.g. tonic immobility duration and distress calls emitted in the emergence test were more variable among artificially reared chicks, Supplementary Table 8) . Similarly, this result is not due to a lesser reactivity of artificially reared chicks in the different tests because they exhibited greater fear and greater social distress when isolated (supplementary Table 8 ), which is consistent with previous studies (Roden and Wechsler 1998; Perré et al. 2002; Shimmura et al. 2010; Pittet et al. 2014c ).
The major factor responsible for the development of behavioural correlations is most likely to be the presence of a nurturing adult female and its interaction with the chicks. We propose that the presence of a maternal female could be considered as a source of enrichment, exposing chicks to a collection of consistent stimulations and challenges requiring fast, contingent behavioural responses. Lickliter and Harshaw (2010) emphasise the importance of contingency in early experience. The artificially reared birds were not allowed the same contingent responses as the maternally reared birds, which may prevent them from developing specific responses to challenging situations, and to generalise such responses across contexts. From a proximate point of view, variation in the stimulations from the caregiver is a strong source of neurophysiological organising, modulating the development of both brain and physiological structures acting later on fear, social and reproductive behavioural responses (Francis and Meaney 1999; Nephew and Murgatroyd 2013; Morrison et al. 2014 ). These maternal organisational influences are necessarily augmented by the highly consistent individual characteristics of mothering styles adoptive female quails exhibit throughout the mothering period (Pittet et al. 2014a) .
Our previous studies highlighted that mothers (including adoptive females) show consistent interindividual differences in two main dimensions of their care with large organisational effects on offspring phenotype: the amount of rejection (as opposed to brooding) of offspring which increases offspring social motivation and delays their mass gain, and the amount of aggressiveness (pecking chicks), which increases their fear responses and also delays mass gain (Pittet 2012 . Variability and high consistency in these maternal dimensions are proposed to support behavioural correlations within behavioural functions in the population of adopted chicks. Nevertheless, these two dimensions of maternal care are independent (Pittet et al. 2014a ) which means that correlations between fear and social traits in offspring are not due to covariation between these two components of mothering styles. It is nevertheless possible that mothers induce correlations across context through conditioning mechanisms by rewarding or sanctioning specific behavioural combinations. For instance, correlations between locomotor and vocal response to distress might emerge from mothers being more prone to care for chicks expressing a balanced combination of these behaviours.
It is also very likely that offspring behavioural correlations across context rely on individual differences in neurophysiology or metabolism developing under the influence of postnatal care and constraining dependence between behaviours after dispersion. One of the most documented effects of postnatal care on neurophysiological development of offspring is the influence of parental stimulations on the organisation of the HPA axis (Gunnar 1998; Francis and Meaney 1999; Champagne et al. 2003) . Differences in HPA axis responses are considered as responsible for reactivity syndromes observed across behavioural functions (Koolhaas et al. 1999) . Additionally, variability in HPA axis reactivity may support links between behavioural responses and metabolism/mass (Careau et al. 2008) . Here, adopted individuals not only show correlations between their behavioural responses across different challenging situations (antipredator response in the tonic immobility test, motor and vocal reaction in novel environments and social isolation) but also display strong correlations between their mass and behaviour. It is consequently likely that the organisational effects of mothering on HPA reactivity underlies the differences observed in behavioural correlations between adopted and artificially reared chicks. In particular, it is possible that the impoverished experiences of artificially reared chicks in the first 2 weeks after hatching results in an absence of specific behavioural responses associated with variation in HPA reactivity later in life. Accordingly, two studies in artificially reared precocial birds reported an absence of correlation between glucocorticoid levels, mass and behaviour (e.g. MignonGrasteau et al. 2003; Hope et al. 2018) .
Adoption had a stronger effect on behavioural correlations in males. Two main non-exclusive mechanisms might underlie this result. First, males and females can show inherent neurophysiological dimorphism making them differently sensitive towards similar parental stimulations (Juraska 1984; McIntosh et al. 1999; Wigger and Neumann 1999; Francis et al. 2002; Barna et al. 2003; Oomen et al. 2009; van Hasselt et al. 2012; Pittet et al. 2014b) . Several studies of the consequences of early life social factors on behavioural development reported stronger effects in male than in female birds (Archer 1976; Vos 1995; Formanek et al. 2008) . Second, mothers can interact differently with males and females and their investment is often unbalanced in favour of sons in a variety of taxa (Moore and Morelli 1979; Hogg et al. 1992; Cameron and Linklater 2000) including monomorphic bird species (Stamps et al. 1987; Harding et al. 2009 ). A recent study in Japanese quail revealed that, similarly, mothers express a greater quantity and quality of care towards males who spend more time close to their mothers (Aigueperse et al. 2019) . It is consequently possible that the stronger impact of mothering on males' behavioural correlations is related to their privileged interactions with the caregiver. From an ultimate point of view, it was proposed that these sex- Table 3 Difference variance-covariance matrix for comparisons of artificially reared males and adopted males. Differences in variances appear on the diagonals, and differences in covariances offdiagonal; 95% confidence intervals are taken from differences across 5000 bootstrapped replicate pairs. Italic values indicate elements where 95% confidence intervals do not span zero related differences in behavioural correlations result from differentiated life histories and associated selective pressures for males and females (Fresneau et al. 2014) . Males' more constrained behavioural phenotypes are proposed to be necessary for sexual selection (see Bell et al. 2009; Schuett et al. 2010) while in females, a more flexible phenotype is proposed to be necessary for an adapted maternal response to offspring needs and environmental fluctuations (Schwagmeyer and Mock 2003; Nakagawa et al. 2007 ). Our results suggest that behaviours related to different function are more tightly correlated in males because these behaviours are dependent upon individual mass. It is consequently likely that in Japanese quails, and possibly in other species presenting exclusive postnatal care by mothers, females' flexible reproductive strategies require more independence between behavioural responses and somatic resources.
Conclusion
Taken together, the results of the present study further improve our understanding of maternal postnatal influences on behavioural ontogeny, highlighting the importance of the presence of a caregiver for the development of behavioural correlations. This result more broadly confirms that the absence of informative cues in impoverished environments results in reduced phenotypic constraints and more unpredictable responses. The current study focused on behavioural correlations of offspring at the age when they disperse, and when their behavioural responses are crucial for their survival (Hope et al. 2018) . Further work is required to determine how early life factors such as maternal deprivation affect behavioural correlations across the lifespan, as such correlations can change during later ontogenetic stages (e.g. Brommer and Class 2015) . In particular, it is uncertain whether behavioural correlations would develop with later experience of richer environment or that, alternatively, the environment does not affect behavioural correlations on these later stages due to reduced plasticity. Furthermore, we here focused on phenotypic behavioural correlations in the populations and did not study animal personalities, which would require repeated measures to assess both consistency of responses and within individual correlations. Further work is consequently required to determine if, similarly, the presence of a caregiver also increases individual consistency.
Our results additionally reveal a danger for the interpretation and generalisation of behavioural results from studies conducted in laboratories and other captive environments with artificial rearing. Indeed, if such impoverishment prevents the development of behavioural correlations, then the behavioural responses measured (e.g. tonic immobility) can hardly be used to characterise a trait (e.g. fearfulness) in the population. These results are finally of importance for animal welfare, as they suggest that artificial rearing-or reduced opportunities of interaction with adults-which are routinely used in intensive breeding, prevents the development of adapted and predictable behavioural strategies yet necessary to cope with the physical and social challenges characterising these environments (Laurence et al. 2015) . Fig. 4 Structural comparison of covariance matrices through common principal component analysis. Based on AIC model selection, relationship between the structure of matrices of artificially reared and adopted chicks is best described as unrelated for the global population and for males, and as equal for females
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A particular care was taken to ensure animal welfare in this study. Adult females were transported by car in aluminium crates (70 × 30 cm and 22 cm high), each containing six individual boxes. The temperature was 20°C during transportation and the journey lasted 20 min. Once at the laboratory, females used as adoptive mothers are routinely housed singly (Bertin and Richard-Yris 2005; Houdelier et al. 2011) because, under natural conditions, they incubate and care for their chicks alone (Guyomarc'h and Saint-Jalme 1986). We did not provide hiding places because we needed to monitor the chicks every day without disturbing the brood. Cages were behind one-way mirrors to limit disturbance, and we checked that the females showed no stereotypies, distress calls or flight attempts, and that they carried out normal comfort behaviours such as dust bathing, which was facilitated by plastic netting covering the cage floor.
We observed no cases of maternal abuse and one case of maternal induction failure resulting in the mother not warming the chicks once out of the induction box. M and NM chicks showing signs of hypothermia were all put under a heater in plastic cages (98 × 35 cm and 42 cm high) where they swiftly recovered (in less than 1 h).
